Density-functional theory (DFT) is a powerful tool to predict the structural properties of hitherto experimentally unknown phases. In this article we have demonstrated the predicting capability of DFT using different structural models as input. Experimentally known framework is successfully reproduced for NaMgH 3 and the positional and unit-cell parameters are found to be in good agreement with the experimental finding. The crystal structure of LiMgH 3 has been predicted to be noncentrosymmetric and hence it should be a ferroelectric material. The calculated phonon spectrum show no negative phonon frequencies and hence LiMgH3 is expected to be stable at low temperatures. At higher pressure this phase transform into CaCO 3 -type modification at 38 GPa.
I. INTRODUCTION
High capacity solid-state storage of hydrogen is becoming increasingly important for fuel cells, automotive, and electrical utility applications. Compared with liquid hydrogen one of the major drawbacks of known reversible metal hydrides applicable for hydrogen storage is their low gravimetric hydrogen content (expressed in wt.% of H in the material). From the search of possible metal, saline and complex hydrides for hydrogen storage applications it has been found that MgH 2 (7.6 wt.%) and hydrides of Mg alloys (e.g., Mg 2 NiH 4 , 3.8 wt.%) currently posses the optimum requirements. However, for their use as storage materials a sufficient amount of heating (ca. 300 o C) is necessary for the desorption of the hydrogen. The disadvantage of the presently known, lowand medium-temperature reversible hydrides are the high costs for the intermetallic alloys suitable for the purpose (LaNi 5 H 6 , TiFeH 2 ), combined with their 4−5 times lower storage capacity (1.8 wt.%) compared with say MgH 2 .
As proposed in our earlier communications [1] [2] [3] [4] it should be possible to form several series of hydrides with alkali and alkaline-earth metals in combination with Group III elements of The Periodic Table, but only few members of these series have so far been experimentally explored. For example, Alkali-metal-based aluminum/boron/gallium hydrides, AM H 4 ( A = Li, Na, K, Rb, Cs; M = B, Al, Ga) and mixture of these phases have been found to have a potential as viable modes for storing hydrogen at moderate temperatures and pressures. These hydrides have been demonstrated to have higher hydrogen storage capacity at moderate temperatures. However, a serious problem with these materials is poor kinetics and lacking reversibility with respect to hydrogen absorption/desorption. Bogdanovic and co-workers 5,6 have recently established that sodium aluminum hydrides, which were earlier considered in actual practice as irreversible with respect to hydrogen absorption/desorption, can be made reversible by doping with Ti. Efforts 7,8 have also been made to improve the hydrogen reversibility of NaAlH 4 by ball milling in combination with or with-out additives. This has opened up for research activity on identification of appropriate admixtures for known or hitherto unexplored complex hydrides. In line with this, we have investigated the structural stability of series of AM H 4 , A 3 M H 6 , A M H 5 , AA H 3 , AA M H 6 (A = alkali; A = alkaline-earth metals; M = B, Al) phases. [2] [3] [4] 9, 10 Later such predictions have been confirmed by experimental findings. 11 In this article we are going to demonstrate how the density-functional theory (DFT) is used to predict crystal structures of the unknown phases.
II. CALCULATION DETAILS
Total energies have been calculated by the projected augmented plane-wave (PAW) 12 implementation of the Vienna ab initio simulation package (VASP). 13 The generalized-gradient approximation (GGA) 14 were used to obtain accurate exchange and correlation energies for a particular configurations of atoms. Ground-state geometries were determined by minimizing stresses and Hellman-Feynman forces with the conjugate gradient algorithm, until forces on all atomic sites were less than 10 −3 eVÅ −1 . Brillouin zone integrations are performed with a Gaussian broadening of 0.1 eV during all relaxations. In order to span a wide range of energetically accessible crystal structures; cell volume, cell shape, and atomic positions were relaxed simultaneously in a series of calculations made with progressively increasing precision. A final high accuracy calculation of the total energy was performed after completion of the relaxations with respect to k-point convergence and plane-wave cutoff. From the various sets of calculations it was found that for the KMgH 3 structure 512 k points in the whole Brillouin zone with a 500 eV plane-wave cutoff are sufficient to ensure optimum accuracy in the computed results. A similar density of k points were used for the other structures considered. In order to avoid ambiguities regarding the free-energy results we have always used the same energy cutoff and a similar k-grid density for convergence in all structural variants tested. The present type of theoreti- cal approach has recently been applied successfully [15] [16] [17] to reproduce/predict ambient-and high-pressure phases in our earlier studies.
The Phonon program developed by Parlinski 18 based on direct method was used for the lattice dynamic calculations. Within the direct method 19 the phonons are found from the Hellmann-Feynman forces computed using optimized supercell with displaced atoms one at the time. The phonon frequency is computed correctly either when the potential interaction ceases out within the supercell size, or, independent of the potential range, when the phonon wave vector is commensurate with the supercell size, and the supercell shape guaranties complete list of neighbors of each coordination shell, such that the dynamical matrix conserves its symmetry. The required force calculations were made using the VASP code within the supercell approach, and the resulting data were imported into the Phonon program. The 2supercells were constructed from the optimized structure that contains 80 and 160 atoms for LiMgH 3 and NaMgH 3 phases respectively. The Hessian (harmonic approximation) was determined through numerical derivation using steps of 0.03Å in both positive and negative directions of each coordinate to estimate the harmonic potentials. The sampling of the phonon band structure for the phonon DOS calculations were set to "large" in the Phonon program 18 with a point spacing of 0.05 THz. When polarization effects were included, these were approximated by a nonanalytical semi-empirical term 20 as implemented in the Phonon program. The crystal structures of the pure elements and most of the binary compounds have been frequently studied and are well characterized. On turning to ternary compounds, however, the amount of knowledge is considerably less extensive (with an estimated 10 % coverage of structural information), and for quaternary and multicomponent phases the structural knowledge is extremely poor. For hydrides, owing to the complexity in structural arrangements and difficulties involved in establishing hydrogen positions by x-ray diffraction methods, structural information are very limited 21 . As we mentioned in the previous section, from the high hydrogen content (in wt.%) point of view, only limited number of elements with their combinations should be used in a combinatorial approach to explore the stable composition and their equilibrium structure. From this point of view alkali and alkaline-earth metals in combination with group III, IV, and V elements of the periodic table get considerable interest. However, within this limitation itself one can have numerous well defined series of phases but, only few members of these series have so far been experimentally explored.
From the theoretical point of view there is no unique way to find the crystal structure of the unknown phases. Currently there are several approaches like guess-structure/ICSD approach, simulated annealing, genetic algorithm, Force-field approach, molecular dynamic study, etc. developed to reach the global minima in the potential energy surface for a chosen chemical composition. Among them, as for as our knowledge, the best method is ICSD guess structure search approach where existing structural information (within a particular chemical formula; eg. AB 2 ; A and B are any one of the element in the Periodic Table) were used as a starting point. In this approach the validity of ground state structure prediction is depending upon number of guess structures (more phases more reliable) used in the structural optimization. For binary, ternary, and quaternary (not for all combinations) phases relatively more structural information available and hence this approach is more reliable. In contrast, if one move to multicomponent systems only few/no structural inputs are available and hence one need different approach for such cases. The main drawback of the other methods is most of the time the optimization reach the local minima in-stead of global minima in the potential energy hypersurface. These methods are suitable for energetic studies where the ground state structure is not at all necessary and an approximate structure with energy closer to the equilibrium configuration is sufficient to explore properties/processes qualitatively (i.e. the error withe respect to the ground state will be around 10 KJ/mole).
Structural phase stability study on LiMgH3 and NaMgH3
Twenty four potentially applicable structure types have been used as inputs in the structural optimization calculations for the LiMgH 3 and NaMgH 3 compounds (Pearson structure classification notation is 22, 23 From the above structural starting points, full geometry optimization has been carried out without any constrains on the atomic positions and unit-cell parameters. As we discussed in the previous section, the reliability of the calculation is depending upon the number of guess structure inputs used for the structural optimization. It should be noted that for the ABX 3 composition there are 2545 entries available in the in the ICSD database.xxxx it is good to give the version in the reference If one include all these structures into the structural optimization it is tedious process that involves tremendous computations. There are several compounds/phases having the same structure type and some cases have only small variation in the positional parameters (only for certain atoms). These possibilities can be omitted because during the full geometry optimization even though we use different positional parameters most of the time the structures converted to the similar type of structural arrangement. In this particular composition 24 structure types only having almost unique structural arrangements and hence we have used only 24 applicable structures.
The crystal structure of LiMgH 3 is hitherto not experimentally determined. Among the considered structures, an LiTaO 3 -type (α-LiMgH 3 ) atomic arrangements [ Table I , Fig. 1(a) ] occurs at the lowest total energy (Fig. ??) . However an FeTiO 3 -type variant appears energetically very close to the ground-state phase. The involved energy difference between these two phases is only 0.01 eV. The LiMgH 3 structure consist of corner sharing MgH 6 octahedra [see Fig. 1(a) ]. From the interatomic Mg-H distances (Table II) It is interesting to note that the α-LiMgH 3 phase has no inversion symmetry and its structure is same as that of well known ferroelectrics such as LiTaO3. So, our calculation predicted that α-LiMgH 3 will be ferroelectric and experimental verification is needed about its ferroelectric properties.
It should be noted that when we apply pressure the stable α modification transform into CaCO 3 -type modification (β-LiMgH 3 ; P 121/c symmetry) at 38 GPa and the estimated volume discontinuity at the transition point is ca 4.2Å 3 /f.u. [see Fig. 2(a) ]. Similar to the α modification, in this structural arrangement also Li is surrounded by 6 H atoms [see Fig. 1(b) ] and the calculated distances vary from 1.45 to 1.48Å. However Mg is surrounded by 9 H atoms and the distances vary from 1.66 to 2.01Å. This increment in the coordination number is expected up on pressure. The calculated minimum Li-Mg distance is 2.32Å and H-H separation is around 2Å for this high pressure modification at the transition point. NaMgH 3 takes a distorted perovskite structure analogous to the GdFeO 3 type structure variant [ Fig.  1(c) ]. 24, 25 Consistent with the experimental findings this atomic arrangement has lower energy than the considered alternatives (see above) and the calculated unit-cell dimensions and positional parameters at 0 K and ambient pressure are in good agreement with the room temperature experimental measurements (see Table I ). The deviations from the experimental unit-cell parameters a and b are negligible and the underestimation of 1.2% in the c direction is typical for the state-of-art densityfunctional calculations. This finding shows that one can reliably reproduce/predict structural parameters for even quite complex atomic arrangements with this type of approach. As seen from Table II the MgH 6 octahedra in NaMgH 3 are somewhat distorted (H-Mg-H angles in the range 88.2 to 91.8 o ). A similar structure with the same type of distortions is incidently also found for NaMgF 3 . 25 In general, most of the hydride and fluoride families show pronounced analogies in structural respect. In contrast with LiMgH 3 phase, there is no pressure induced structural transitions were observed. This once again confirm our observation 27 that when the cation radius small one can expect pressure induced structural transitions. By fitting the total energy as a function of cell volume using the so-called universal equation of state 28 the bulk modulus (B 0 ) and its pressure derivative (B 0 ) are obtained (Table I) , but no experimental data for comparison are yet available. If one move from LiMgH 3 to NaMgH 3 the bulk modulus is reduced considerably. The variations in B 0 and B 0 are accordingly correlated with variations in the size of M and consequently also with the cell volume. Compared to intermetallic-based hydrides these compounds have low B 0 values implying that they are soft and easily compressible. Even though both α and β modification of LiMgH 3 have almost the same equilibrium volume, α modification has higher B 0 value than the β phase. As a compensation, the α modification has smaller B 0 value than the β modification.
Calculated phonon density of states for the equilibrium phases are shown in Fig.3 . In both cases there is no imaginary frequencies were observed indicating that both structure are expected to be thermodynamically stable. The crystal structure of NaMgH 3 is already known but the structure of LiMgH 3 is not identified experimentally. Both LiMgH 3 and NaMgH 3 have almost the same distribution of phonon density of states. Hence we have displayed in Fig.4 the partial phonon density of states for LiMgH 3 only. The partial phonon DOS is plotted along three directions x, y, and z. For Li and Mg atoms, the vibrational modes along the x and y directions are identical, and the modes along the z are slightly different from those along the x and y directions. Since the mass of H atom is much smaller than that of Li or Mg atom, in Fig. 4 shows that the high frequency modes above 15 THz (in NaMgH 3 10 THz) are dominated by H atom, and the low frequency modes below 15 THz are dominated by Li and Mg atoms. Due to the mass difference between the Li and Mg atoms considerable difference in the phonon DOS has been observed between 3 to 13 THz.
In order to demonstrate the existence of the studied compounds we have made the formation enthalpy study using the following reaction pathway AH 2 + MgH 2 → AMgH 3 (A = Li, Na) including zero point energy correction. The estimated formation enthalpy for NaMgH 3 is −143 kJ/mol which is very good agreement with exper-imental finding of −144 kJ/mol by Ikeda et al. 29 . The corresponding value for LiMgH 3 phase is −162 kJ/mol and there is no experimental data available for this phase to have verification. The calculated formation enthalpy suggest that the considered two compounds are stable phases and experimental verification is needed for the LiMgH 3 phase.
IV. CONCLUSION
The present study shows that using stat-of-the-art density functional calculation one can reproduce/predict the crystal structure of the known/unknown phases from the guess-structure/ICSD approach. The ground-state crystal structures have been identified from structural optimization of a number of structures using force as well as stress minimizations. For the experimentally known compounds, the ground-state structures are successfully reproduced within the accuracy of the density-functional approach. The crystal structures of LiMgH 3 at ambient and high pressures have been predicted. The calculated phonon density of states shows that the predicted phase is thermodynamically stable. The crystal structure of LiMgH 3 has been predicted to be of the LiTaO 3 type (note: lacking inversion symmetry) at 0 K and atmospheric pressure. We have shown that LiMgH 3 should be an insulator and predicted to be ferroelectric. Application pressure transform this phase in to CaCO 3 -type modification at 38 GPa and there is no pressure induced structural transitions observed in NaMgH 3 .
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